The formalism for R-parity violation-induced flavor change in the three-neutrino case is developed, and used to derive the corresponding flavor change probabilities in matter. Applied to the solar and atmospheric neutrino fluxes, it is argued that the observed anomalies, including the zenith dependence for the atmospheric case, could be due to such interactions. It is shown that if this is the case, the optimal coupling strengths are close to the existing limits.
Introduction
The possibility that the solar and atmospheric neutrino anomalies could be due to the existence of supersymmetric R-parity violating interactions is investigated. Whereas various authors [1, 2, 3, 4] have recently suggested these interactions could lead to neutrino masses and mixings compatible with the "standard" vacuum oscillation solution, here possible matter-induced flavor change is studied.
Section 2 provides a brief introduction to resonant enhancement of neutrino flavor change in matter. Flavor changing probabilities for three neutrino families are derived in terms of the couplings of a general CP-conserving interaction with flavor changing and flavor diagonal components.
Section 3 reviews the existing data on solar and atmospheric neutrinos, as well as the present limits on R-parity violating couplings.
The analysis procedure,as well as the results achieved, are described in section 4, showing how it is possible to explain both the solar and atmospheric neutrino anomalies in terms of such new interactions. The required values of some of the couplings involved need to be close to existing upper bounds.
Flavor Changing Interactions and the MSW Effect
The time dependency of the flavor composition of neutrinos propagating in matter is governed by the equation
where the term √ 2G F N e corresponds to the usual ν e − e − charged-current interactions (this is the term at the origin of the classic MSW effect [5, 6] ) and the c ii and b ij coefficients represent flavor-diagonal (FD) and flavor-changing (FC) interactions, respectively. Note that we have assumed CP conservation here (i.e. the propagation matrix is symmetric). If such interactions exists, they would lead to additional electroweak potential energy for the propagating neutrino eigenstates, thereby opening the possibility for resonant enhancement of flavor change. In the Standard Model, electroweak neutral currents are FD interactions, while FC interactions do not exist in the leptonic sector.
In supersymmetric theories with R-parity violation however, we find both new FD and FC interactions may exist. The two types of interactions that are relevant for neutrinos give rise to ν − d-type quark and ν − e scattering via d-type squark and selectron exchange, respectively. They correspond the following two terms in the lepton number violating part of the superpotential:
Here i, j and k are the generation indices, L L and Q L are the left-handed lepton and quark doublet superfields, and E R and D R are the right-handed lepton and quark singlets. Note that the λ couplings are antisymmetric in the first two indices. For example, for neutrino energies small compared to the squark mass, the term
corresponds to flavor-changing neutrino scattering on a d-quark where the b-squark acts as the mediator of the interaction. We can now rewrite the coefficients of the propagation matrix in equation (1) in terms of the R-parity violating couplings. Taking only into account scattering on d quarks (matter is essentially first-generation) we find for example:
where N d is the down-quark density in matter. All the other matrix coefficients may be expressed likewise. Since our aim is to show that a supersymmetric solution to the anomalies is viable in the present context, in this paper only neutrino-d-quark scattering is considered, not including neutrino-electron scattering.
Various authors have suggested [7, 8] or established [9] that the solar neutrino problem could be explained by the presence of non-standard FD and FC interactions. The solutions have recently been analyzed again by P.I. Krastev and J.N.Bahcall [10] taking into account the newly available solar neutrino data.
However, all these studies only considered the solar neutrino problem, and used a simplified two-family model (involving the first and third generations). In this work, a 3-family analysis is developed, in the attempt to explain both the solar and atmospheric neutrino anomalies.
The procedure to derive the flavor change probabilities in the 3-family case is as follows. Let |ν α > be the flavor eigenstates (α = e, µ or τ ) and |ν i > the propagation eigenstates (i=1,2 or 3). We then have
Hence
where e i are the propagation energy eigenlevels, eigenvalues of the propagation matrix given in equation (1) . Note that since the elements of the propagation matrix, hence also its eigenvalues, depend on matter density it is advisable to replace t by the distance traveled x with the approximation t = x. The flavor changing amplitude is then given by
However, since the columns of the rotation matrix U which diagonalizes the propagation matrix are precisely the eigenvectors of this matrix,one finally obtains
where V is the matrix whose columns are the eigenvectors of the propagation matrix.
Data
Combining solar and atmospheric neutrino data yields 13 constraints: there are three different types of solar neutrino experiments, each sensitive to a different energy range, and the atmospheric "ratio of ratios" is measured in 5 zenith angle bins for two different energy ranges (sub-and multi-GeV).
The three types of solar neutrino experiments (Gallium: Sage and Gallex, Chlorine: Homestake, and waterČerenkov: Super-Kamiokande) have different lower thresholds for the neutrino energy. This has allowed to show that there seems to be an energy-dependent suppression of the solar neutrino flux (see for example N. Hata and P. Langacker [11] ), which could be a strong hint for neutrino oscillations, were it not that neutrinos of different energies are produced at different radii in the Sun and therefore "see" different matter densities on their way out. Table 3 summarizes the results from the various experiments (the results from the Gallium experiments have been combined into one), and gives the ratio of observed rates over rates predicted by the Bahcall-Pinsonneault 95 Standard Solar Model [12] . The experimental results can be found in Refs. [13] Table 3 gives the observed "ratio of ratios" (ratio of muon-like over electron-like events for data divided by the same ratio for Monte-carlo) for each of the five zenith bins, both for the sub-and multi-GeV samples. The first error is statistical [18] and the second is systematic [17] .
We have extracted upper limits on the values of the coefficients c ii and b ij from the present limits [19] on R-parity violating couplings. As mentioned earlier, only the λ ′ ijk couplings (corresponding to scattering by squark exchange) are included, so that the limits are given by equations analogous to equation (4) . These limits have then been transformed to limits on 5 variables ǫ 12 , ǫ 13 , ǫ 23 , ǫ 22 and ǫ 33 defined by:
which give the relative strength of the interaction w.r.t. the weak interaction. Table 2 summarizes the results found. Furthermore, we can subtract c 11 × 1 from the right-hand side of equation (1) to have only 5 parameters left: b 12 , b 13 , b 23 , c 22 − c 11 and c 33 − c 11 . This does not affect our result since it is equivalent to a redefinition of the zero of the neutrino electroweak potential energy.
Analysis and Results

Analysis Procedure
To find the values of the couplings which would produce effects similar to those observed in the data, a χ 2 -like function with 13 terms corresponding to the three types of solar neutrino experiments and the atmospheric data is constructed. The minimum of this χ 2 is then searched for (using Minuit [20] ), as a function of the 5 variables ǫ 12 , ǫ 13 , ǫ 23 , ǫ 22 and ǫ 33 .
The Solar model used is the Bahcall-Pinsonneault Standard Solar Model [12] , which "cuts" the Sun into layers, and for each of these layers, gives the average electron and neutron densities (the Sun is assumed neutral so that the proton density equals the neutron density) as well as the fraction of neutrinos produced for each of the major neutrino sources (pp, 8 B, 13 N, 15 O, 7 Be and pep). Our program steps through each layer, adds the newly produced neutrinos and changes the flavor of a fraction of the entering and produced neutrinos in the manner determined by the flavor change probability Eq. 8, which is a function of the variables and the densities.
The Earth is approximated by a 5 concentric spheres, each of uniform density and composition as has been done by Giunti et al. [21] . To find the average distance that neutrinos travel through each layer as a function of their momentum and zenith angle, a small Monte-Carlo simulation has been developed. The simulation assumes a flat zenith angle distribution in each bin, smears it with the average angular correlation between the charged lepton and the neutrino (55 and 20 degrees for sub-GeV and multi-GeV neutrinos, respectively [17]), and then tracks the neutrinos back through the Earth, computing the distance traveled through each layer. The values found are given in Table 1 .
Note that the algebraic expressions for the eigenvectors and eigenvalues of the propagation matrix as a function of its coefficients are fairly complex. We have used Mathematica [22] to generate the expression in computer-readable form and systematically checked that the orthogonality conditions are satisfied. This is done to verify that solutions are not produced artificially due to machine accuracy.
Results
The values of the parameters resulting in the lowest χ 2 are given in Table 2. Table 3 gives the expected value for each of the experimental results for the best fit parameters.
Note that the extracted limits are so stringent that b 12 does not have any observable effect on the neutrino fluxes. All the relevant flavor changes are driven by the other variables. Furthermore, all of these are strongly correlated (as expected) such that changes in their values generally affect the width of the "good" region for the others.
Therefore, to determine conservative confidence intervals for each of the relevant variables, the χ 2 function was computed over a fairly wide range of values while keeping all other variables fixed at the minimum found. Fig. 1 shows the results obtained from these scans. For 13 degrees of freedom, the 90 % (99 %) C.L. corresponds to a χ 2 of 19.8 (27.7). As expected, the non-diagonal elements have to be non-zero and a rather substantial contribution from ǫ 33 is required.
Conclusions
We have searched for, and found values of R-parity violating couplings which would explain both the solar and atmospheric neutrino anomalies through the MSW mechanism in the Sun and in the Earth. While the fit to the data is not as good as for a purely neutrino oscillation solution, the allowed ranges for most of the parameters are close to the existing limits for R-parity violating couplings. Experiments that will or could be performed in the near future may possibly confirm or exclude this solution.
Note that any other type of new interaction which violates lepton family number satisfies the same coupling conditions provided the limits are valid. This is the case if these interactions have an identical strength for charged and neutral leptons. [21] C. Giunti, C.W. Kim and M. Monteno, hep-ph/9709439 (1997). 
